Abstract-Power conservation mechanisms allow the operator to meet the QoS requirements of its customers while offering mobility service for longer duration. Therefore, it is essential to maximize the battery life of WiMAX equipments. In this paper, we study the mechanisms of power conservation already proposed for the WiMAX network. We then propose an improved mechanism for energy conservation in the IEEE802.16e standard, taking into account the characteristics of the WiMAX network. Finally, we evaluate the various mechanisms of energy conservation in terms of energy consumption, mean delivery time and management throughput. We show through extensive simulations that our proposed mechanism retains more energy while providing a better mean delivery time and decreasing the management throughput.
I. INTRODUCTION
Today, energy costs, for several service providers, are important and constitute a large part of their operating expenses in case of mobile networks. Users require the support of mobility for all services and this is the role of the network access providers. Worldwide Interoperability for Microwave Access (WiMAX) is a wireless broadband technology providing a high throughput and a large coverage. WiMAX is essentially a new shortcut to name the IEEE 802.16 standard [1] .
IEEE 802.16e [2] , called mobile WiMAX, has been proposed to combine the mobility and broadband wireless communications to support mobile services based on the convergence of devices. This technology adds mobility to the IEEE 802.16d (Wireless MAN) standard and overcomes the short coverage of wireless local area network and Internet over cell phones [3] . However, since end nodes become mobile subscriber stations (MSSs), they must reduce their energy consumption. Therefore, WiMAX devices can increase their battery life and prolong their operations [4] . A main idea of a power conservation mechanism consists of powering down the wireless interface to a lower state (the Sleep state) when deemed reasonable [5] . Other interesting types of techniques can be used to save energy such as the prediction of the Packet Interval Time (PIT) [6] and the choice of the QoS requirements to satisfy [7] . IEEE 802.16e defined an algorithm called Power Saving Mechanism (PSM) [8] . The PSM mechanism allows MSSs to save energy by introducing a new Sleep mode. The Sleep mode duration is between a minimum and a maximum sleep interval called and , respectively. In [9] , authors proposed a power saving algorithm that reduces the next sleep window interval to the mean between sleep intervals and . Consequently, the mean delivery time can be reduced. However, the total energy consumption increases. In [10] , K. Min-Gon et al. proposed a power saving mechanism that considers the request period of each awakening event. This mechanisms adjusts PSM parameters, for example and , in order to minimize the energy consumption and mean delivery time. In [11] , K. MinGon et al. slightly modified their power saving mechanism already proposed in [10] . The proposed algorithm is called Enhanced PSM (EPSM). Authors adjust PSM parameters taking into account the battery state of the mobile stations
In [6] , authors proposed a Hidden Markov Model (HMM) that predicts the Packet Interval Time to reduce the energy consumed. They do not consider other parameters as the packet loss and the packet size because these parameters have a little impact on the energy consumption. Simulations results show that the mechanism proposed can reduce the energy consumption by 5% compared to PSM.
In [7] , Jia Liu and al. proposed a mechanism that helps users select the suitable QoS requirements. These QoS requirements are selected once an optimal dual-threshold (on energy and delay) is determined using two dimensional Markov Chain model. In [12] , in addition to the QoS requirements selection, authors proposed to make adjustments to the traffic. The adjustment decision depends on the arrival rate. Simulations results show promising performance compared to the Poisson arriving assumptions.
For the best of our knowledge, there is not yet any published power saving mechanism taking into account the technical characteristics of WiMAX. Examples of WiMAX technical characteristics are the structure of WiMAX frame as well as the radio resources and the management messages. 
where represents the total number of subcarriers, represents the sampling factor, represents the channel bandwidth, and represents the ratio of Cyclic Prefix ( ) time to useful time.
In order to obtain an efficient energy consumption mechanism that takes into account WiMAX characteristics and can be really implemented in WiMAX devices, we propose, in this paper, a novel power saving algorithm, called Synchronized Power Saving Mechanism (SPSM), that reduces the energy consumption without suffering from high delivery time and management throughput. This paper is organized as follows. In Section II, we describe some energy conservation mechanisms already proposed for WiMAX. Our enhancement will be detailed in Section III. We evaluate these power saving algorithms in Section IV in terms of total energy consumed, management messages throughput and mean delivery time. Finally we conclude our work in Section V.
II. EXISTING ENERGY CONSERVATION MECHANISMS

A. Power Saving Mode in IEEE 802.16e
An MSS can be in Awake or Sleep modes. It can receive and send bursts only in the Awake mode. When an MSS is in the Awake mode and does not have any data to send or to receive, it transmits a message called Mobility Sleep Request (MOB-SLP-REQ) in order to request switching to the Sleep mode. The mobile subscriber station can switch to the economic energy (Sleep) mode only if it receives from the Base Station (BS) a message called Mobility Sleep Response (MOB-SLP-RSP) containing a positive indication. Note that the BS can send this response message without solicitation (without receiving a request) if an MSS remains for a long duration neither sending nor receiving bursts.
The Sleep mode uses two parameters: and . represents the sleep window while represents the listening window. During , the MSS transceiver is powered off and therefore it does not consume energy. However, during , the MSS turns on its transceiver in order to verify if it has data to receive from the BS. The BS uses the MOB TRF IND message for downlink data delivery information. The duration of is initially equal to . It is doubled when there is no data to send or receive during a sleep cycle without exceeding .
When an MSS receives a MOB TRF IND message with positive indication, it has to return in the Awake mode and comes back equal to in the next sleep cycle. Otherwise, if the indication of the MOB TRF IND message is negative, the MSS remains in the Sleep mode while updating .
B. Adaptive Sleep Mode Algorithm
In addition to the three common parameters of PSM that consist of , and , ASMA adds two other parameters called and in order to overcome the shortcomings in the basic Sleep mode.
is the sleep window that takes after reaching maximum sleep window . It is computed as follows:
indicates the maximum interval of the sleep window once AVG is reached. Then, when there is still no data to send or receive, the sleep window alternates between and . Therefore, ASMA enhances the delivery time when reaches high values. In fact, an MSS waits instead of before moving to the listening window. Note that this power saving algorithm reduces the delivery time only in low traffic load but raises the total energy wasted.
C. Adaptive Power Saving Mechanism
The basic idea of APSM is to update common parameters and depending on the value of the current sleep window called
. . These instructions are useful in order to take into account the traffic conditions. Note that if the values of and are too small, response delay may be lower but more energy consumption is expected. This can be explained by the fact that smaller and can induce more sleep cycles. However, if these parameters are set too large, higher energy conservation can be achieved but more response delay is expected.
III. SYNCHRONIZED POWER SAVING MECHANISM
In this paper, we propose a novel mechanism of energy conservation that takes into account the characteristics of the WiMAX network. It helps MSSs mitigate the energy consumed and delivery time while reducing management messages exchanged. We firstly describe why a synchronization of the listening window with the DL-MAP and UL-MAP messages is important to provide improvements in the quality of service (QoS). Then we describe the configuration of our proposed power saving algorithm parameters.
A. Synchronization of the listening window with the DL-MAP and UL-MAP messages
The common idea of each power saving algorithm is that an MSS has to wake up in the listening window ( ) in order to verify if it has data to receive. Recall that the existing algorithms use MOB TRF IND messages for informing the MSSs that have downlink (DL) data to receive. Therefore, these messages make the MSSs switch to the Awake mode. However, any MSS needs an authorization to receive or send data by the DL-MAP and UL-MAP management messages, respectively. Consequently, we propose to add synchronization in order to take into account the frame structure and hence improve power saving performance.
When there is a downlink burst (resp. an uplink burst) generated before the DL-MAP (resp. UL-MAP) message, the BS can deliver this burst in the current WiMAX frame as it can inform the related MSS under the following conditions. The MSS has to be in the Awake mode or in the Sleep mode but in the listening window (and not in the sleep window). Evidently, the burst delivery can be postponed when there is no sufficient available radio resources. Figure 1 shows that the synchronization of the listening window with the DL-MAP and UL-MAP messages is essential to speed up the delivery time and hence improve the energy consumption. For the best of our knowledge, all existing power saving algorithms do not synchronize the sleep and listening windows with the DL-MAP and UL-MAP messages.
Otherwise, if a downlink burst (resp. an uplink burst) is generated after the DL-MAP (resp. UL-MAP) message, the MSS misses the authorization to send in the current WiMAX frame. So this MSS has to wait for the next WiMAX frame for burst delivery. Figure 2 shows that in this case, the listening and sleep windows synchronization does not reduce the delivery time. Nonetheless, the synchronization is essential to improve the energy consumption as it is useless to wait the burst delivery in the current WiMAX frame. Now, we show how we can eliminate additional management messages when taking into account the characteristics of WiMAX network. Since DL-MAP and UL-MAP messages are sent in each WiMAX frame, we propose to use them to inform MSSs if they have to wake up. Recall that an MSS has to wake up when there are bursts to receive or sent in the following WiMAX frame. Evidently, the MSS has to be able to receive those management messages and therefore be in the Awake mode or in the listening window of the Sleep mode. This eliminates sending management message MOB TRF IND, which reduces energy consumption and the number of management messages sent.
B. Parameters configuration
Let us configure the different parameters which are used by any power saving algorithm: , , , and . Our algorithm does not need additional parameters to offer good performance. In addition of the DL-MAP and UL-MAP messages, we note that the preamble and the Frame Control Header (FCH) are important. The preamble is used for synchronization between the BS and the MSSs. Therefore, all users are already synchronized with the BS in order to be able to read the messages, independently of the power saving mechanism used. However, only our proposed power saving mechanism adds the synchronization of PSM parameters to enhance the system performance. The FCH, that immediately follows the preamble, contains the location and burst profile of the first downlink burst. Therefore, we consider that preamble and FCH are located in the listening window to enable the MSSs to receive them. Note that the IEEE 802.16 standard defined constant durations for the preamble and the FCH. They are two and one OFDM symbols long, respectively [15] . OFDM symbol duration is computed in (1) . Subsequently, we propose that the listening period (L) is equal to:
In addition, we propose that is calculated in a way that the sleep interval always ends before Preamble, FCH, and 
In order to obtain good performance in low traffic load, we propose, as in the existing power saving algorithms, to increment without exceeding . It is up to the operator to choose the value of . In order to keep listening and sleep windows synchronization, we propose to increment as follows:
where represents the number of successive sleep cycles. Note that the extra computations defined in equations (3), (4), and (5) are very simple and therefore they do not add any complexity degree to the behavior of the BS.
IV. SIMULATION RESULTS
A. Simulation model
The main parameters of our simulation model including the characteristics of the WiMAX frame and the different power saving algorithms are presented in Table I . Note that the durations of the DL-MAP and UL-MAP messages can vary at each WiMAX frame. In fact, they depend on the number of stations served in the downlink and uplink directions (in the current WiMAX frame), respectively
In this paper, we consider the link adaptation. The Signalto-Noise Ratio (SNR) values are randomly chosen at the beginning of the session. Considering a simple cellular model with three cells per cluster, the SNR distribution can be obtained using classical results of the SNR distribution in [16] . Having the SNR values, the Modulation and Coding Scheme (MCS) used is directly deduced. The distribution of the SNRs (and then the associated MCSs) is presented in Table II [17] . The traffic load of the different MSSs is variable as the different users do not have the same QoS requirements. The mean traffic load is assumed to be equal to 100 Kbyte/s. Note that when the traffic load is high, the behavior of all power saving algorithms will be almost the same as the MSSs have to be always awake. Thus we are interested in low traffic loads.
B. Energy model
Recall that a station can be either in the Awake or in the Sleep modes. In the Sleep mode, it can be either in the listening or in the sleep window. When being in the sleep window, the station is in a Sleep state: the station cannot receive (or send) any message. The station can receive management messages when being in the listening window. Being in the Awake mode, the station can transmit a frame (data, control or management), receive a frame (data, control or management) or be in the idle state. In the idle state, the station is awake but is neither transmitting nor receiving its bursts. Hence, it makes sense hereafter to consider that a station can be in one of four states: transmit, receive, idle or sleep. Table III gives the energy consumed by a station per second at each one of these four states.
C. Investigation of listening window
In this section, we study how the size of the listening window affects the performance of the power saving algorithms. Note that our proposed algorithm (SPSM) automatically configures this parameter (using equation (3)) while the operator has to choose the adequate value of when using PSM, ASMA, or APSM. Figure 3 represents the throughput of the management messages as a function of listening window . We verify that the proposed power saving mechanism provides the lowest management throughput as the synchronization of the listening window allows the BS to gives away the MOB TRF IND messages. The management throughput of SPSM is equal to 2500 bit/s and then it supplies a reduction between 37.5% and 48% compared to the existing power saving algorithms.
We also show that when increases, the management throughput decreases when using PSM, ASMA, or APSM. In fact, the increase of implies the reduction of the number of sleep cycles in a defined simulation duration. Therefore, the number of the MOB TRF IND messages sent is decreased. Figure 4 represents the mean delivery time as a function of . We observe that SPSM offers the best delivery rapidity to the MSSs. This can be explained by the fact that the BS can deliver data bursts rapidly when the listening and sleep windows are synchronized. In fact, the BS informs and authorizes simultaneously the MSSs to send or receive data. We also remark that PSM and ASMA outperform APSM as this latter power saving algorithm produces more response delay when it tries to achieve higher energy conservation (see Section II-C).
As we can see in Figure 5 , SPSM provides the lowest energy consumption compared to other power saving algorithms. This is due to the synchronization and the configuration of different power saving parameters done by our mechanism proposed. This synchronization allows the station to not futilely stay a long time in the wait of the permissions to send and receive data. Therefore, the MSSs stay more time in the Sleep state. Moreover, as shown in Figure 3 , SPSM uses less management messages and so MSSs use less energy for reception. Finally, we verify that APSM outperforms PSM and ASMA in term of total energy consumed.
D. Investigation of
Using equation (4), SPSM automatically configures while the operator has to choose the adequate value of this power saving parameter when using PSM, ASMA, or APSM. Figure 6 represents the management messages throughput as a function of . We verify that SPSM outperforms the existing power saving algorithms by decreasing the management throughput as it shrugs off the MOB TRF IND messages. For the existing power saving algorithms, the BS uses less MOB TRF IND messages when increases because of the decrease of the number of the sleep cycles. Recall that the BS broadcasts a MOB TRF IND message at each sleep cycle.
Figures 7 and 8 represent the mean delivery time and the total energy consumed as a function of , respectively. The simulation results show that our proposed power saving algorithm reduces the delivery delay (between 27.8% and 43.5% less) and the energy consumption (between 37.5% and 52.5% less). This performance enhancement is achieved due to, on the one hand, the combination between the indication and authorization of burst delivery and, on the other hand, the extension of the sleep window duration when necessary. Finally, we remark that APSM also outperforms PSM and ASMA in term of total energy consumed in spite of the mean delivery time.
V. CONCLUSION
In this paper, after briefly presenting the main features of standard IEEE 802.16, we have detailed the principles of the mechanisms of energy conservation proposed for the WiMAX devices. Then, we proposed our enhanced power saving algorithm called SPSM.
We have shown through extensive simulations that our power saving algorithm (SPSM) outperforms PSM, ASMA, and APSM in terms of mean delivery time, management messages throughput, and total energy consumption. This performance can be improved in future work by taking into account the bandwidth request sent by MSSs whether they use contentions for non-real time services or unicast request opportunities for real time services. Another enhancement can be performed when we consider the battery lifetime for power saving as done in [18] .
